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Phased Array Antenna System with Controllable Electrical Tilt 

The present invention relates to a phased array antenna system with controllable 
electrical tilt. The antenna system is suitable for use in many telecommunications 
systems, but finds particular application in cellular mobile radio networks, commonly 
5 referred to as mobile telephone networks. More specifically, but without limitation, the 
antenna system of the invention may be used with second generation (2G) mobile 
telephone networks such as the GSM system, CDMA (IS95), D-AMPS (IS136) and PCS 
systems and third generation (3G) mobile telephone networks such as the Universal 
Mobile Telephone System (UMTS), and other cellular systems. 

10 Operators of cellular mobile radio networks generally employ their own base-stations, 
each of which has at least one antenna. In a cellular mobile radio network, the antennas 
are a primary factor in defining a coverage area in which communication to the base 
station can take place. The coverage area is generally divided into a number of cells, 
each associated with a respective antenna and base station. 

15 Each cell contains a base station for radio communication with all of the mobile radios in 
that cell. Base stations are interconnected by other means of communication, usually 
fixed land-lines, or point-to-point radio links, allowing mobile radios throughout the cell 
coverage area to communicate with each other as well as with the public telephone 
network outside the cellular mobile radio network. 

20 Cellular mobile radio networks which use phased array antennas are known: such an 
antenna comprises an array (usually eight or more) individual antenna elements such as 
dipoles or patches. The antenna has a radiation pattern incorporating a main lobe and 
sidelobes. The centre of the main lobe is the antenna's direction of maximum sensitivity in 
reception mode and the direction of its main output radiation beam in transmission mode. 

25 It is a well known property of a phased array antenna that if signals received by antenna 
elements are delayed by a delay which varies with element distance from an edge of the 
array, then the antenna main radiation beam is steered towards the direction of 
increasing delay. The angle between main radiation beam centres corresponding to zero 
and non-zero variation in delay, i.e. the angle of tilt, depends on the rate of change, of 

30 delay with distance across the array. 
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Delay may be implemented equivalently by changing signal phase, hence the expression 
phased array. The main beam of the antenna pattern can therefore be altered by 
adjusting the phase relationship between signals fed to antenna elements. This allows 
- the beam to be steered to modify the coverage area of the antenna. 

5 Operators of phased array antennas in cellular mobile radio networks have a requirement 
to adjust their antennas' vertical radiation pattern, i.e. the pattern's cross-section in the 
vertical plane. This is necessary to alter the vertical angle of the antenna's main beam, 
also known as the "tilt", in order to adjust the coverage area of the antenna. Such 
adjustment may be required, for example, to compensate for change in cellular network 
10 structure or number of base stations or antennas. Adjustment of antenna angle of tilt is 
known both mechanically and electrically; either individually or in combination. 

Antenna angle of tilt may be adjusted mechanically by moving antenna elements or their 
housing (radome): it is referred to as adjusting the angle of "mechanical tilt". As described 
earlier, antenna angle of tilt may be adjusted electrically by changing time delay or phase 
15 of signals fed to or received from each antenna array element (or group of elements) 
without physical movement: this is referred to as adjusting the angle of "electrical tilt". 
When used in a cellular mobile radio network, a phased array antenna's vertical radiation 
pattern (VRP) has a number of significant requirements: 

1 . high boresight gain; 
20 2. a first upper side lobe level sufficiently low to avoid interference to mobiles 

using a base station in a different cell ; 

3. a first lower side lobe level sufficiently high to allow communications in the 
immediate vicinity of the antenna; 

4. side lobe levels that remain within predetermined limits when the antenna is 
25 electrically tilted. 

The requirements are mutually conflicting, for example, increasing the boresight gain may 
increase the level of the side lobes. Also, the direction and level, of the side lobes may 
change when the antenna is electrically tilted. 



30 



A first upper side lobe maximum level, relative to the boresight level, of -18dB has been 
found to provide a convenient compromise in overall system performance.. 



The effect of adjusting either the angle of mechanical tilt or the angle of electrical tilt is to 
reposition the boresight so that, for an array lying in a vertical plane, it points either above 
or below the horizontal plane, and hence changes the coverage area of the antenna. It is 
desirable to be able to vary both the mechanical tilt and the electrical tilt of a cellular radio 
5 base station's antenna: this allows maximum flexibility in optimisation of cell coverage, 
since these forms of tilt have different effects on antenna ground coverage and also on 
other antennas in the station's immediate vicinity. Also, operational efficiency is improved 
if the angle of electrical tilt can be adjusted remotely from the antenna assembly. 
Whereas an antenna's angle of mechanical tilt may be adjusted by re-positioning its 
10 radome, changing its angle of electrical tilt requires additional electronic circuitry which 
increases antenna cost and complexity. Furthermore, if a single antenna is shared 
between a number of operators it is preferable to provide a different angle of electrical tilt 
for each operator. 

The need for an individual angle of electrical tilt from a shared antenna has hitherto 
15 resulted in compromises in the performance of the antenna. The boresight gain will 
decrease in proportion to the cosine of the angle of tilt due to a reduction in the effective 
aperture of the antenna (this is unavoidable and happens in all antenna designs). Further 
reductions in boresight gain may result as a consequence of the method used to change 
the angle of tilt. 

20 R. C. Johnson, Antenna Engineers Handbook, 3rd Ed 1993, McGraw Hill, ISBN 0 - 07 - 
032381 - X, Ch 20, Figure 20-2 discloses a known method for locally or remotely 
adjusting a phased array antenna's angle of electrical tilt. In .this method a radio 
frequency (RF) transmitter carrier signal is fed to the antenna and distributed to the 
antenna's radiating elements. Each antenna element has a respective phase shifter 

25 associated with it so that signal phase can be adjusted as a function of distance across 
the antenna to vary the antenna's angle of electrical tilt. The distribution of power to 
antenna elements when the antenna is not tilted is proportioned so as to set the side lobe 
level and boresight gain. Optimum control of the angle of tilt is obtained when the phase 
front is controlled for all angles of tilt so that the side lobe level is not increased over the 
30 tilt range. The angle of electrical tilt can be adjusted remotely, if required, by using a 
servo-mechanism to control the phase shifters. 



This prior art method antenna has a number of disadvantages. A phase shifter is required 
for every antenna element. The cost of the antenna is high due to the number of phase 
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shifters required. Cost reduction by applying delay devices to groups of antenna elements 
instead of individual elements increases the side lobe level. Mechanical coupling of delay 
devices is used to adjust delays, but it is difficult to do this correctly; moreover, 
mechanical links and gears are required resulting in a non-optimum distribution of delays. 
5 The upper side lobe level increases when the antenna is tilted downwards thus causing a 
potential source of interference to mobiles using other cells . If the antenna is shared by a 
number of operators, the operators have a common angle of electrical tilt instead of 
different angles. Finally, if the antenna is used in a communications system having (as is 
common) up-link and down-link at different frequencies (frequency division duplex 
10 system), the angles of electrical tilt in transmit and receive modes are different . 

Patent Application Nos. PCT/GB2002/004166, PCT/GB2002/004930, GB0307558.7 and 
GB0311371.9 describe different approaches to locally or remotely adjusting an antenna's 
angle of electrical tilt by means of a phase difference between two signals fed to antenna 
circuitry. 

15 It is an object of the present invention to provide an alternative form of phased array 
antenna system. 

The present invention provides a phased array antenna system with controllable electrical * 
tilt including an antenna with multiple antenna elements, characterised in that the system 
20 has: 

a) means for providing two basis signals with variable relative delay therebetween, 

b) splitting means for dividing the basis signals into signal components, 

c) phase to power converting means for converting the signal components into 
transformed components having powers which vary as the relative delay varies, and 

25 d) power to phase converting means for converting the transformed components into 
antenna element drive signals having phases which vary from antenna element to 
antenna element progressively across the antenna and which individually vary as the 
relative delay varies. 

The invention provides the advantage that it allows electrical tilt to be controlled with a 
30 single variable relative delay, although a plurality of delays may be used if required to 
increase obtainable range of electrical tilt. 



The phase to power converting means may be a plurality of hybrid radio frequency 
coupling devices ("hybrids 0 ) arranged to provide sums and differences of pairs of signal 
components, each pair having signal components from both basis signals. It may be a 
plurality of 180 degree hybrids arranged to provide sums and differences of pairs of 
5 signal components, each pair having signal components from both basis signals. Each 
pair may have signal components of equal magnitude, with each pair's component 
magnitude not being equal to that of another pair. 

The hybrids may be first hybrids and the power to phase converting means may 
incorporate a plurality of second hybrids arranged to generate the antenna element drive 
10 signals. The splitting means may be a first splitting means and the power to phase 
converting means may incorporate a second splitting means arranged to divide the sums 
and differences into components for input to the second hybrids. The first splitting means 
may be arranged to divide each of the basis signals into three signal components. The 
second splitting means may be a plurality of two-way splitters. 

15 In a preferred embodiment, the invention is arranged such that all paths for basis signals 
to antenna elements contain the same numbers and types of components. 

In another aspect, the present invention provides a method of controlling electrical tilt of a 
phased array antenna system including an antenna with multiple antenna elements, 
characterised in that the method incorporates the steps of: 
20 a) providing two basis signals with variable relative delay therebetween, 

b) dividing the basis signals into signal components, 

c) converting the signal components into transformed components having powers 
which vary as the relative delay varies, and 

d) converting the transformed components into antenna element drive signals having 
25 phases which vary from antenna element to antenna element progressively 

across the antenna and which individually vary as the relative delay varies. 

:i * 

The method aspect of the invention may incorporate preferred features equivalent mutatis 
mutandis to those of the antenna system aspect. 

In order that the invention might be more fully understood, embodiments thereof will" now ~ 
30 be described, by way of example only, with reference to the accompanying drawings, in 
which:- 
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Figure 1 shows a phased array antenna's vertical radiation pattern (VRP) with zero 
and non-zero angles of electrical tilt; 

Figure 2 illustrates a prior art phased array antenna having an adjustable angle of 
electrical tilt; 

5 Figure 3 . is a block diagram of a phased array antenna system of the invention using a 
single time delay; 

Figure 4 is a block diagram of a phased array antenna system of the invention using 
two time delays; 

Figure 5 shows a power distribution network for use in the system of Figure 3 or 4; 

1 0 Figure 6 shows a power distribution network for use in a system of the invention having 
a twelve-element antenna; 

Figure 7 is a schematic diagram of a 1 80 degree hybrid RF coupling device used in the 

Figure 5 and' 6 networks; 
Figure 8 is a vector diagram illustrating phases of antenna element signals produced 
1 5 by the Figure 6 network; 

Figure 9 shows a 1 80 degree hybrid 1 82 receiving A and B inputs of two equal 

amplitude voltages Va and Vb which have a relative phase shift of § between 

them; 

Figure 10 is a vector diagram of vectors +A, +B, -B, A+B and A-B; 

20 Figure 1 1 shows how relative magnitudes of A+B and A-B (chain line) vary as their 
relative phase difference $ is adjusted from -180 degrees to 0 to +180 
degrees; and 

Figure 12 shows A+B and A-B phase variation as § is adjusted from -180 degrees to 0 
to +1 80 degrees. 



25 Referring to Figure 1, there are shown vertical radiation patterns (VRP) 10a and 10b of 
an antenna 12 which is a phased array of individual antenna elements (not shown). The 
antenna 12 is planar, has a centre 14 and extends perpendicular to the plane of the 
drawing. The VRPs 10a and 10b correspond respectively to zero and non-zero variation 
in delay or phase of antenna element signals with array element distance across the 

30 antenna 12 from an array edge. They have respective main lobes 16a, 16b with centre 
lines or "boresights 11 18a, 18b, first upper sidelobes 20a, 20b and first lower sidelobes 
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22a, 22b; 18c indicates the boresight direction for zero variation in delay for comparison 
with the non-zero equivalent 18b. When referred to without the suffix a or b, e.g. sidelobe 
20, either of the relevant pair of elements is being referred to without distinction. The 
VRP 10b is tilted (downwards as illustrated) relative to VRP 10a, i.e. there is an angle - 
5 the angle of tilt - between main beam centre lines 18b and 18c which has a magnitude 
dependent on the rate at which delay varies with distance across the antenna 12. 

The VRP has to satisfy a number of criteria: a) high boresight gain; b) the first upper side 
lobe 20 should be at a level low enough to avoid causing interference to mobiles using 
another cell; c) the first lower side lobe 22 should be at a level sufficient for 
communications to be possible in the antenna 12's immediately vicinity; and d) the level 
and direction of the side lobes should remain within predetermined design limits when the 
antenna is electrically tilted. These requirements are mutually conflicting, for example, 
maximising boresight gain may increase the side lobes 20, 22. Relative to a boresight 
level (length of main beam 16), a first upper side lobe maximum level of -18dB has been 
found to provide a convenient compromise in overall system performance. Boresight gain 
decreases in proportion to the cosine of the angle of tilt due to reduction in the antenna's 
effective aperture. Further reductions in boresight gain may result -depending on how the 
angle of tilt is changed. 

The effect of adjusting either the angle of mechanical tilt or the angle of electrical tilt is to 
20 reposition the boresight so that it points either above or below the horizontal plane, and 
hence adjust the coverage area of the antenna. For maximum flexibility of use, a cellular 
radio base station preferably has available both mechanical tilt and electrical tilt since 
each has a- different effect oh ground coverage and also on other antennas in the 
immediate vicinity. It is also convenient if an antenna's electrical tilt can be adjusted 
25 remotely from the antenna. Furthermore, if a single antenna is shared between a number 
of operators, it is preferable to provide a different angle of electrical tilt for each operator, 
although this compromises antenna performance in the prior art. 

.t • 

Referring now to Figure 2, a prior art phased array antenna system 30 is shown in which 
the angle of electrical tilt is adjustable. The system 30 incorporates an input 32 for a radio 
30 frequency (RF) transmitter carrier signal, the input being connected to a power 
distribution network 34'. The network 34 is connected via phase shifters Phi.EO, Phi.EIL 
to Phi.E[n]L and Phi.EIU to Phi.E[n]U to respective radiating antenna elements E0, E1L 
to E[n]L and E1U to E[n]U respectively of the phased array antenna system 30: here 
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suffixes U and L indicate upper and lower respectively, n is an arbitrary positive integer 
greater than unity which defines phased array size, and dotted lines such as 36 indicating 
' the relevant element may be replicated or removed as required for any desired array size. 

The phased array antenna system 30 operates as follows. An RF transmitter carrier 
5 signal is fed to the power distribution network 34 via the input 32: the network 34 divides 
this signal (not necessarily equally) between the phase shifters Phi.EO, Phi.EIL to 
Phi.E[n]L and Phi.EI U to Phi.E[n]U, which phase shift their respective divided signals and 
pass them on with phase shifts to associated antenna elements E0, E1L to E[n]L, E1U to 
E[n]U respectively. The phase shifts are chosen to select an appropriate angle of 

10 electrical tilt. The distribution of power between the antenna elements E0 etc. when the 
angle of tilt is zero is chosen to set the side lobe level and boresight gain appropriately. 
Optimum control of the angle of electrical tilt is obtained when the phase front across the 
array of elements E0 eta is controlled for all angles of tilt so that the side lobe level is not 
increased significantly over the tilt range. The angle of electrical tilt can be adjusted 

15 remotely, if required, by using a servo-mechanism to control the phase shifters Phi.EO, 
Phi.EI L to Phi.E[n]L and Phi.EI U to Phi.E[n]U, which may be mechanically actuated. 

The phased array antenna system 30 has a number of disadvantages as follows: 

a) a phase shifter is required for each antenna element, or (less advantageously) 
per group of elements; 

20 b) the cost of the antenna is high due to the number of phase shifters required; 

c) cost reduction by applying phase shifters to respective groups of elements 
instead of individual antenna elements increases the side lobe level; 

d) mechanical coupling of phase shifters to set delays correctly is difficult and 
mechanical links and gears are used which result in a non-optimum delay scheme; 

25 e) the upper side lobe level increases when the antenna is tilted downwards 

causing a potential source of interference to mobiles using other base stations; 

f) if an antenna is shared by different operators, all must use the same angle of 
electrical tilt; 

g) in a system with up-Iink and down-link at different frequencies (frequency division 
30 duplex system), the angle of electrical tilt in transmit is different from that in receive; 



Referring now to Figure 3, a phased array antenna system 40 of the invention is shown 
which has an adjustable angle of electrical tilt. The system 40 has an input 42 for an RF 
transmitter carrier signal: the input 42 is connected to a power splitter 44 providing two 



output signals Via, V1b which are input signals to a variable phase shifter 46 and a fixed 
phase shifter 48 respectively. The phase shifters 46 and 48 may equivalent^ be 
considered as time delays, as phase shift and time delay are the same at a single 
frequency. They provide respective output signals V2a and V2b to a power distribution 
5 network 50, which will be described in more detail later. 

The network 50 provides four drive signals which pass via fixed phase shifters 58U1, 
58U2, 58L1 and 58L2 to four equi-spaced antenna elements 60U1 , 60U2, 60L1 and 60L2 
(U = upper, L = lower) respectively of a phased array antenna 60. The antenna 60 has a 
centre indicated by a dotted line 61 . The antenna 60 could have any number of elements 
10 so long as it has at least two elements. 

The phased array antenna system 40 operates as follows. An RF transmitter carrier 
signal is fed (single feeder) via the input 42 to the power splitter 44 where it is divided into 
signals Via and V1b of equal power. Equal power is not essential, but it is preferred if the 
splitter 44 is located remotely from an associated antenna so that signal feeds carrying 

15 Via and V1b are equally loaded. If the splitter is 44 is co-located with an associated 
antenna then there can be an advantage in having Via and V1b unequally split) The 
signals Via and V1b are fed to the variable and fixed phase shifters 46 and 48 
respectively. The variable phase shifter 46 is controlled by an operator to apply selectable 
phase shift or time delay, and the degree of phase shift applied here controls the angle of 

20 electrical tilt of the phased array antenna 60. The fixed phase shifter 48 (which is 
convenient but not essential) applies a fixed phase shift which for convenience is 
arranged to be half the maximum phase shift fa applicable by the variable phase shifter 
46. This allows Via to be variable in phase in the range -faf2 to +$m/2 relative to V1b, 
and these signals after phase shift become V2a and V2b as has been said after output 

25 from the phase shifters 46 and 48. 

From its input signals V2a and V2b, the network 50 forms a variety of vectorial 
combinations of signals to provide a respective drive signal for each antenna element 
60U1 etc. The drive signals vary in phase linearly (or perhaps with a contoured phase 
taper) as a function of antenna element distance across the antenna 60 from an antenna 
30 element 60U2 or 60L2 at one edge, as required to produce a parallel beam from the 
antenna 60 inclined at an angle to the array boresight. As is well known in the art of 
phased arrays, the angle depends on the rate of change of phase with distance across 
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the antenna 60. It can be shown (as described later) that the angle of electrical tilt of the 
array 60 is variable simply by using one variable phase shifter, the variable phase shifter 
46. This compares with the Figure 2 prior art requirement to have multiple variable phase 
shifters, one for every antenna element. When the phase difference introduced by the 
5 variable phase shifter 46 is positive the electrical tilt is in one direction, and when that 
phase difference is negative the electrical tilt is in the opposite direction. 

The fixed phase shifters 58U1 etc. impose fixed phase shifts which between different 
antenna elements 60U1 etc. vary linearly (ignoring phase taper) according to element 
geometrical position across the array 60: this is to set a zero reference direction (18a or 
10 1 8b in Figure 1 ) for the array 60 boresight when the phase difference between the signals 
Via and V1b imposed by the variable phase shifter 46 is zero. The fixed phase shifters 
58U1 etc. are not essential, but they are preferred because they can be used to a) 
proportion correctly the phase shift introduced by the tilt process, b) optimise suppression 
of side lobes over the tilt range, and c) introduce an optional fixed angle of electrical tilt. . 

15 If there are a number of users, each user may have a respective phased array antenna 
system 40. Alternatively, if it is required that the users employ a common antenna 60, 
then each user has a respective set of elements 42 to 50 in Figure 3, and a combining 
network is required to combine signals for feeding to the antenna array 60. Published 
International Patent Application No. WO 02/082581 A2 describes such a network. 

20 Referring now to Figure 4, this drawing shows a further phased array antenna system 70 
of the invention using two time delays or phase shifts. The system 70 has an RF carrier 
signal input 72 connected to a first power splitter 74, which provides two output signals 
Via, V1b for input to a first variable phase shifter 76 and a first fixed phase shifter 78 
respectively. They provide respective output signals V2a and V2b to a second fixed 

25 phase shifter 80 and a second power splitter 82. The first and second fixed phase shifters 
78 and 80 may be combined into a single unit if required. The second power splitter 82 
divides signal V2b into two signals V3b1 and V3b2, which pass to a second variable 
phase shifter 84 and a third fixed phase shifter 86. The signals V3b1 and V3b2 then pass 
to first and second power distribution networks 88 and 90 respectively, which will be 

30 described in more detail later. Signal V2a passes via the second fixed phase shifter 82 to 
a third power splitter 92 for division into two signals V3a1 and V3a2 fed to the first and 
second power distribution networks 88 and 90 respectively. 
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The networks 88 and 90 collectively provide eight drive signals which pass via fixed 
phase shifters 94U1 to 94L4 to eight equispaced antenna elements 96U1 to 96L4 
respectively of a phased array antenna 96. Network 90 drives the innermost four 
antenna elements 96U1 , 96U2, 96L1 and 96L2 and network 88 drives the remainder. 

The phased array antenna system 70 operates as follows. An RF transmitter carrier 
signal is fed (single feeder) via the input 72 to the first power splitter 74 where it is divided 
into signals Via and V1b of equal power. The signals Via and V1b are fed to the first 
variable and fixed phase shifters 76 and 78 respectively. The fixed phase shifter 78 
applies a phase shift of half the maximum phase shift applicable by the variable phase 
shifter 76. The first variable phase shifter 76 provides part of the control of the angle of 
electrical tilt of the phased array antenna 96, the second variable phase shifter 76 
providing the rest of this control. 

The power distribution networks 88 and 90 receive input signals V3a1/V3b1 and 
V3a2/V3b2 respectively, and they form vectorial combinations of these signals to provide 
a respective drive signal for each antenna element 96U1 etc. The drive signals vary in 
phase linearly as a function of antenna element distance across the antenna 96. The use 
of two variable' phase shifters 76 and 84 allows a greater range of phase shift to be 
applied across the antenna 96 than a single phase variable phase shifter (as in Figure 
3), and thus a greater range of electrical tilt is obtainable. 

Referring now to Figure 5, a power distribution network 100 is shown which is generally 
of the kind used at 50, 88 and 90 in Figures 3 and 4, albeit it is shown with more antenna 
elements than are associated with equivalents described earlier. The network 100 has 
two inputs 102a and 102b connected to first and second three-way power splitters 106a 
and 106b respectively. The first three-way power splitter 106a divides an input signal or 
vector A with amplitude Va into three signals a1 .A, a2.A and a3.A, where a1 , a2 and a3 
are scalar amplitude splitting ratios. The signals al.A, a2.A and a3.A are fed to A inputs 
of first, second and third 180 hybrid RF signal coupling devices (hybrids) 110, 112 and 
114 respectively. The second three-way power splitter 106b divides an input signal or 
vector B with amplitude Vb into three signals bl.B, b2.B and b3.B, where b1, b2 and b3 
are scalar amplitude splitting ratios of the second splitter 106b. The three signals bl.B, 
b2:B"ana b3:B are' fed to ~B inputs of the' hybrids' 110, 112 and 114 respectively.' The ' 
amplitudes of vectors A and B are equal, that is Va = Vb. The hybrids 1 1 0 to 1 1 4 are also 
known as sum and difference hybrids. 
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Each of the hybrids 1 1 0, 1 1 2 and 1 1 4 has two outputs A+B and A-B at which respectively 
the vector sum and difference of its input signals appear. As will be described later in 
more detail, it is a property of such hybrids that their sum and difference outputs have a 
fixed phase difference of 90 degrees between them when the amplitudes of their input 
5 signals are equal. This is the case even if the phase difference between these input 
signals varies. The A+B sum signals are in phase with one another, as are the A-B 
difference signals, and the sum signals are at 90 degrees to the difference signals. As the 
phase difference between the input signals varies, due to operation of the variable phase 
shifter 46, the sum and difference output signals vary in magnitude: e.g. with in-phase 
10 input signals of equal magnitude, A+B = 2A and A-B = 0; with input signals of equal 
magnitude in antiphase, A+B = 0 and A-B = 2A; with input signals of equal magnitude 

differing in phase by 90 degrees, A+B = A-B = VA 2 + B 2 . The hybrids 110, 1 12 and 1 14 
therefore act as phase-to-power converters, because they convert input signals with 
constant power but variable phase difference to output signals with variable power but 
1 5 constant phase difference. 

The A+B sum signals from the hybrids 1 10, 1 12 and 1 14 are fed to A inputs of fourth, fifth 
and sixth 180 hybrids 116, 118 and 120 respectively. Similarly, the A-B difference signals 
from the hybrids 1 10, 1 12 and 1 14 are fed to B inputs of the fourth, fifth and sixth hybrids 
1 1 6, 1 1 8 and 1 20 respectively. 

20 The fourth, fifth and sixth hybrids 1 1 6 to 1 20 also have two outputs A+B and A-B at which 
the vector sum' and difference of their input signals appear. The A+B sum signals are fed 
via respective fixed phase shifters 122U1 to 122U3 to respective antenna elements 
124U1 to 124U3 jn an upper half of a six element phased array antenna 124. Similarly, 
the A-B difference signals are fed via fixed phase shifters 122L1 to 122L3 to respective 

25 antenna elements 124L1 to 124L3 in a lower half of the antenna 124. Strictly speaking, 
the phase shifters 122U1 to 122L3 and antenna 124 are not part of the network 100 
because Figures 4 and 5 which incorporate the network already show equivalents of 
these. .The fourth, fifth and sixth hybrids 116 to 120 convert power differences between 
their inputs into phase differences at their outputs, so they act as power-to-phase 

30 converters. 

Further flexibility exists in setting the required phase and amplitude to each antenna 
element 124L1 eta if further splitters are inserted between the outputs of first,- second 
and third hybrids 1 1 0 to 1 1 4 and the inputs of fourth, fifth and sixth hybrids 1 1 6 to 1 20. In 
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■ order to avoid the need to dissipate power other than in the antenna elements, whenever 
an output of first, second or third hybrid 1 1 0, 1 12 or 1 14 is split, then further hybrids and 
antenna elements are added so as to use all RF power as efficiently as possible. 

The antennas element 124U1 etc. are associated with respective fixed phase shifters 
122U1 etc. whose purpose is to a) set the nominal mean tilt of the antenna and b) 
optimise the level of the lobes of the antenna 124 over its tilt range. 

In Figure 5 the hybrids 1 10 to 120 are shown with equal weighting applied to their inputs: 
i.e. with input signals A and B then the sum output is (A+B) and the difference output is 
(A-B). However, they may also be constructed with unequally weighted inputs A and B to 
give a sum output (xA + yB), and a difference output (xA - yB). Here x is a weighting 
applied to input A and y is a weighting applied to input B. To conserve power in an 
unequally weighted hybrid, the total power entering its inputs should be equal to the total 
power flowing out of its, outputs, ignoring unavoidable thermal losses in a practical 
implementation. Two advantages result from the use of an unequally weighted hybrid: a) 
further flexibility is added to the design in optimising antenna element phase and 
amplitude distributions; b) signal splitting may be distributed between two or more splitter 
components thus reducing the maximum splitting ratio required of any one splitter and 
improving frequency response. 

When used in the system 40, the advantages of the power distribution network 100 are: 

a) tilt is implemented with a single variable phase shifter or time delay device 46;. 

b) the signals at the network inputs 102 and 104 and components into which they 
become converted pass through exactly the same number and types of 
components along paths to antenna elements 124U1 etc., i.e. one splitter, two 
hybrids and a phase shifter. These paths should therefore have substantially the 
same electrical length ignoring variation due non-zero manufacturing tolerances. 
Hence, phase and amplitude errors in the network due to different types of 
components in different, paths are avoided and good beam shape is retainable 
over the tilt range. Furthermore, the beam shape is retained over a wider range of 
frequencies since the phase and amplitude errors of each path to an element 
vary equally and reduce the error between adjacent antenna elements. 

c) The antenna can be implemented without the need to dissipate RF power in 
any component other than antenna elements, ignoring departure of components 
from ideal properties. 
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d) The cost of a phased array antenna is reduced compared with an antenna of a 
comparable performance using multiple variable time delay devices. 

e) the reliability of the antenna is not compromised by the use of a large number 
of variable time delay devices. 

Splitters may be inserted between outputs of the first three hybrids 110 to 114 and the 
inputs of the other hybrids 1 16 to 120 so as to introduce further flexibility in setting phase 
and amplitude of signals fed to antenna elements. This will be described in the next 
embodiment. 

Referring now to Figure 6, a further power distribution network 140 is shown for use with 
an equispaced twelve-element phased array antenna 148 but in other respects of the 
kind used at 50, 88 and 90 in Figures 3 and 4. The network 140 is equivalent to that 
described with reference to Figure 5 with an extra column of splitters 142c to 142h and 
sufficient hybrids 144 4 to 144g and fixed phase shifters 146U1 to 144L6 to provide signals 
for an increased number of antenna elements 148U1 to 148L6 of the antenna 148. Parts 
equivalent to those described earlier are like-referenced and the description will 
concentrate on- aspects of difference. 

As before, two input signal vectors A and B, having respective amplitudes Va and Vb, at 
inputs 102a and 102b are split into signal fractions al.A, a2.A, a3.A and bl.B, b2.B, b3.B 
by splitters 106a and 106b and fed to inputs of first, second and third hybrids 1 10 to 1 14: 
i.e. signals an.A/bn.B are input to nth hybrid 110 + 2n , n = 0, 1 and 2. In this example* 
the splitting ratios are set so that a1 = b1 , a2 = b2 and a3 = b3. . 

Referring now also to Figure 7, this drawing schematically shows a 180 degree hybrid 
coupler 132 with inputs A and B and outputs A+B and A-B. Curves 134 indicate paths 
from input to output, and associated markings -180 and -360 indicate phase shift or 
equivalently delay experienced by signals passing along such paths. As shown, paths 
134 from A and B to A+B and from A to A-B are all associated with -180 degree phase 
shifts, whereas path 134 from B to A-B is associated with a -360 degree phase shift. A 
180 degree phase shift inverts a sinusoidal signal or multiplies it by -1, whereas -360 
degree phase shift leaves it unchanged. Hence both signal A and signal B are inverted on 
passing to A+B and are therefore added together, but only signal B is inverted at A-B and 
is therefore subtracted from A. As will be described later, if two signal vectors of equal 
magnitude but different phase are both summed and subtracted by a 1 80 degree hybrid, 
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the resulting sum and difference vectors are at 90 degrees to one another irrespective of 
the input phase difference. A+B and A-B therefore differ in phase by 90 degrees, which is 
convenient (but not essential), because it simplifies calculation of antenna element- signal 
phase as will be described later. The hybrids 1 10 to 114 therefore act as phase to power 
5 converters, they convert input signals e.g. (a1 .A /b1 .B) with equal amplitude but variable 
relative phase difference into sum and difference output signals with variable power but 
constant phase difference of 90 degrees. Moreover, the A+B outputs of all three hybrids 
1 10 to 1 14 are in phase with one another and are at 90 degrees to all three A-B outputs 
of these hybrids. 

1 0 The hybrids 1 1 0 to 1 1 4 have A+B outputs connected to two-way splitters 1 42c, 1 42e and 
142g respectively, and A-B outputs connected to two-way splitters l42d, 142f and 142h 
respectively. The splitters 142c to 142h split their input signals into signal fractions c1/c2, 
d1/d2, e1/e2, f1/f2, g1/g2 and h1/h2 respectively, for input to fourth to ninth hybrids 144 4 
to 144a: these hybrids have A and B inputs and A+B and A-B sum and difference outputs, 

15 and have the same construction and mode of operation as the first, second and third 
hybrids 110 to 114. Table 1 below shows which inputs of the fourth to ninth hybrids 144 4 
to 144 9 receive which signal fractions: here the +/- signs indicate vector 
addition/subtraction, respectively. 

Table 1 



Hybrid 


Input 


Fraction 




Hybrid 


Input 


Fraction 


144 4 


A 


c1.(a1 .A+b1.B) 




1447 


A 


e2.(a2.A + b2.B) 


144 4 


B 


d1.(a3.A-b3.B) 




1447 


B 


f2.(a2.A - b2.B) 


144 6 


A 


c2.(a1 .A+b1.B) 




144 8 


A 


g1.(a3.A + b3.B) 


144 s 


B 


d2.(a3.A- b3.B) 




144 8 


B 


hl.(aLA-bl.B) 


144e 


A 


e1 .(a2.A + b2.B) 




•144 9 


A 


g2.(a3.A + b3.B) 


144 6 


B 


f1.(a2.A-b2.B) 




144g 


B 


h2.(a1.A-b1.B) 



20 The splitters 142c to 142h split their input signals into signal fractions appropriate for 
addition and subtraction to form antenna element drive signals which vary progressively 
with antenna element position across the antenna 148. Table 2 below shows which 
outputs A+B or A-B of the fourth to ninth hybrids 144 4 to 144g drive which antenna 
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elements 148U1 to 148L6 via respective fixed phase shifters 146U1 to 144L6. Antenna 
elements 148U1 to 148U6 in the upper half of the antenna 148 are all driven from A+B 
outputs of the fourth to ninth hybrids 144 4 to 144 9 , but those in the lower half are driven 
from A-B outputs of these hybrids. Each of the fourth to ninth hybrids outputs 144 4 to 144g 
5 receives signal contributions originating at either A+B or A-B outputs of the first to third 
hybrids 110 to 114 but not from both types of output. Its input signals are therefore in 
phase with one another. The fourth to ninth hybrids 144 4 to 144g consequently act as 
power to phase converters: each converts its two input signals (which have zero phase 
difference but not necessarily equal amplitude) into sum and difference output signals 

1 0 with phase difference varying between different hybrids but constant power (ignoring any 
provision for amplitude taper). The arrangement shown allows a progressive phase front 
to be achieved across the antenna 148 and allows all input power to be used effectively 
(ignoring losses in non-ideal components). Ignoring possible dissipation of power in non- 
ideal components, the power distribution network 140 does not generate a signal which 

15 cannot contribute usefully to antenna drive signals, so it is not necessary to dispose of; 
some input power inefficiently. 

The fourth hybrid 144 4 drives an outermost pair of antenna elements 148U6 and 148L6. 
The fifth to ninth hybrids 144 5 to 144g drive pairs of antenna elements 148U5/148L5, 
148U4/148L4, 148U3/148L3, 148U2/148L5 and 148U1/148L1 respectively which are 
20 progressively nearer to an antenna centre 150 on which each pair is centred. 

Table 2 below shows output signals from the hybrids 144 4 to 144 9 . The splitter fractions 
d etc. are necessarily scalar quantities, but terms in parenthesis in Table 2 column 4, e.g 
(a1.A+b1.B) and (a3.A - b3.B), are vector additions and subtractions. The phase 
difference is imposed between Va and Vb as described earlier with reference to Figure 3 
25 or 4, and vectors are indicated by characters in bold type. Moreover, as previously ■ 
described, resultants of vector additions (al.A + bl.B), etc, between signals of equal 
magnitude are all in phase with one another, and differ in phase by 90 degrees to all 
vector subtractions ' (a3.A - b3.B) etc. The vector subtractions are therefore all 
automatically in quadrature with the vector additions. 



1 
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Table 2 



Antenna 
Element 


Hybrid 


Output 




148U6 


144 4 


" A+B 


d .(a1 .A + b1 .B) + d1 .(a3.A - b3.B) 


148U5 


. 144 s 


A+B 


c2.(a1 .A + b1 .B) + d2.(a3.A - b3.B) 


148U4 


144 6 


A+B 


e1.(a2.A + b2.B) +f1.(a2.A- b2.B) 


148U3 


1447 


A+B 


e2. (a2.A'+ b2.B) + f2. (a2.A - b2.B) 


148U2 


144s 


A+B 


g1 .(a3.A + b3.B) + hi . (a1 .A - bl.B) 


148U1 


144a 


A+B 


g2. (a2.A + b3.B) + h2.(a1 .A -b1 .B) 




144s 


A-B 


g2.(a3.A + b3.B) - h2.(a1.A - b1.B) 


148L2 


144 8 


A-B 


g1.(a3.A + b3.B) - h1.(a1.A - bl.B) 


148L3 


144y 


A-B 


e2.(a2.A + b2.B) - f2.(a2.A -b2.B) 


• 148L4 


144 6 


A-B 


e1 . (a2. A + b2.B) - f 1 .( a2.A -b2.B) 


148L5 


144 5 


A-B 


c2.( al.A + b1.B) - d2.( a3.A - b3.B) 


148L6 


144 4 


A-B 


c1 .(a1 .A + b1 .B) - d1 .(a3.A - b3.B) 



The expressions In the fourth column of Table 2 are of the form P + Q, where Q is a 
vector In quadrature with a vector P . All P vectors are in phase with one another and all Q 
vectors are in phase with one another. They can therefore be written as P + \Q, where P 
and Q are scalar magnitudes of P and Q. E.g. for antenna element 148U6: 
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P = c2.(a1 .A + b1 .B) and Q = d2.( a3.A - b3.B) 



(D 



Writing P n and Q n for the in-phase and quadrature components of the.voltage supplied to 
the nth upper and lower antenna elements 148Un and 148Ln (n = 1 to 6), the phase <p n 
of this voltage is given by: 



<Pn =tan 1 



&.1 



(2) 
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where Q n is positive for antenna element 148Un in the upper half of the antenna 148 and 
negative for antenna element 148Ln in the lower half. 

The scalar magnitude V n of the nth antenna element voltage is given by: 
Splitter ratios in this embodiment of the network 140 are shown in Table 3 below. 



Table 3 



- 

Splitter 


Splitter Output 


Split Ratio 


Voltage 


Decibels 


102a 


a1 


0.2500 


-13.22dB 


a2 


0.5000 


-7.20dB 


a3 ' 


1.0000 


-1.18dB 




b1 


0.2500 


-13.22dB 


b2 


0.5000 


-7.20dB 


b3 


1.0000 


-1.18dB 


142c 


d 


1.0000 


-3.00dB 


c2 


1.0000 


-3.00dB 




142d 


d1 


1.0000 


-0.97dB 


d2 


0.5000 


-7.00dB 


142e 


e1 ' 


1.0000 


-3.00dB 


e2 


1.0000 


-3.00dB 


142f 


f1 


1.0000 


-0.97dB 


f2 


0.5000 


-7.00dB 


142g 


gi 


1.0000 


-3.00dB 


g2 


1.0000 


-3.00dB [ 


142h 


hi 


1.0000 


-0.97dB 


h2 


0.5000 


-7.00dB 
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All contributions (e.g. d .(a1 .A + b1 .B) to signals reaching the antenna elements 1 48U1 
to 148L6 from inputs 102a and 102b pass via the same numbers and types of 
components: i.e. each contribution passes via a path containing a three-way splitter, a 
hybrid, a two-way splitter, another hybrid and a fixed phase shifter. There is no need for 
5 phase padding components, i.e. additional components to correct for differing phase 
shifts in different paths. The use of two splitters in every path allows splitting ratios to be. 
moderate: this is helpful because RF splitters are implemented by conductors having 
width proportional to square of ratio, so a 10 to 1 ratio requires a 100 to 1 width ratio, 
which gives manufacturing difficulty. The three-way splitters 106a and 106b primarily set 
1 0 amplitude taper and two-way splitters 1 42c to 1 42h primarily set phase taper: here 'taper' 
means amplitude or phase profile across antenna elements 148U1 to 148L6. The design 
of the network 140 is symmetrical with repeating blocks of functions, and lends itself to 
relatively easy optimisation. It is also easily adapted to different numbers of antenna 
elements in antennas by changing the number of splitters and hybrids. 

15 Figure 8 is a vector diagram of drive signals produced by the network 140 for antenna 
elements 148U1 to 148U6 in the upper half of the antenna 148: the effects of phase 
shifters 146U1 to 146L6 have been ignored for convenience. For illustrational purposes 
the following were chosen, d = c2, e1 = e2 and g1 = g2, but these are not essential. 
Horizontal, vertical and inclined arrows 160, 162 and 164 indicate in-phase components, 

20 quadrature components and actual antenna element signal vectors respectively. 
Encircled numerals 1 to 6 such as at 166 indicate adjacent signal vectors are associated 
with antenna elements 148U1 to 148U6 respectively. Equivalent vectors (not shown) for 
drive signals for antenna elements 148L1 to 148L6 in the lower half of the antenna 148 
are obtainable by making the vertical arrows 162 extend to respective equal extents' 

25 downwards from horizontal axes .1 68 instead of upwards, i.e. producing mirror images of 
the signal vectors 164 by reflection in the horizontal axes 168. Figure 8 shows that the 
network 140 produces antenna element drive signals with correctly progressive phase 
across the antenna 148. Optimum performance of the antenna 148 is obtained when a 
maximum tilt angle is selected corresponding to the maximum allowable side lobe level 

30 when tilted. The splitter ratios are then chosen to give a linear phase front for this 
maximum angle of tilt. 

Referring now to Figures 9 to 12, Figure 9 shows an arrangement 180 of a single 180 
degree hybrid 1 82 receiving A and B inputs of two equal amplitude voltages Va and Vb 
35 which have a relative phase shift of <j> between them. These voltages are obtained by 
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taking a single voltage V at an input 184, splitting it into two equal voltages at 186 and 
passing one of the resulting voltages through a variable phase shifter 188. The hybrid 
1 82 generates sum and difference outputs A+B and A-B. 

Figure 10 is a vector diagram of the vectors +A, +B, -B, A+B and A-B, the last two. being 
chain lines. Because A and B are equal, +A, +B and -B can be shown as radii of a circle 
200, which is the circumcircle of the triangle of vectors +A, +B and A+B. Being equal and 
opposite, the vectors +B and -B collectively provide a diameter of the circle 200, and by 
geometry a diameter subtends a right angle at other points on the circle such as an origin 
O. But the vectors A+B and A-B join the origin O to respective ends of the +B/-B 
diameter, so the vectors A+B and A-B have a right angle between them (or 90 degree 
relative phase shift) irrespective of the value of (j>, the phase difference between +A and 
+B. 

Figure 1 1 shows how the relative magnitudes of A+B and A-B (chain line) vary as their 
relative phase difference <j) is adjusted from -180 degrees to 0 to +180 degrees: A+B goes 
sinusoidally from 0 to 1 to 0, and A-B goes cosinusoidally from 1 to 0 to 1. Figure 12 
shows how the phases of A+B and A-B (chain line) vary as is adjusted from -180 
degrees to 0 to +180 degrees: A+B goes from -90 degrees to +90 degrees, and A-B goes 
initially from 0 at <J> = -180 degrees to +90 degrees at <|>=0, and then abruptly shifts to -90 
degrees on passing through 0 and thereafter varies smoothly to 0 at <j> = +1 80 degrees. 

The invention provides for control of electrical tilt is as follows. As has been said, the 
drive signal to each antenna element 148U1 etc. in Figure 6 is a vector which can be 
written as P + \Q t . When the phase difference between the input vectors A and B (or 
voltages Va and Vb) is zero, i.e. $ = 0, the difference output A-B from all hybrids 110 eta 
is also zero, as shown in Figure 1 1 . Thus when the antenna is not tilted the drive signals 
to all antenna elements 148U1 etc. have the same phase, the 'untilted phase', and Q = 0 

inP + jfi. 

When the phase difference between the A and B vectors increases, Fig. 1 1 shows that 
the difference outputs from the hybrids increase while the sum outputs decrease. The 
value of therefore increases while the value of P decreases. Thus the phase angles of the 
drive signals to each antenna element 148U1 eta change. A progressively increasing 
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phase front across the antenna elements is achieved by having progressively smaller 
values for P for antenna elements (e.g. 148UT/148L1) progressively nearer the centre 
line 150, and progressively larger values for P for antenna elements (e.g. 148U6/148L6) 
progressively further from the centre line 150. A proportion of antenna drive power is 
5 therefore transferred from the centre of the antenna 148 to its ends. This is achieved by 
appropriate connection of the outputs of the hybrids 1 1 0 to 1 1 4. 

Thus in Fig. 5 the central hybrid 112 of the first, second and third hybrids feeds antenna 
elements 124U2 and 124L2 that are half way between an antenna centre shown as a 
dotted line and end elements 124U3/124L3 of the antenna 124, while the other two 
10 leftmost hybrids, 110 and 114, each have A-B difference outputs "exchanged", i.e. 
connected to a fourth or sixth hybrid 116 or 120 which receives the other (114 or 110) 
hybrid's A+B output. This arrangement is in order to move in-phase power (P vector 
component) from the centre of the antenna 124 to its ends so as to achieve a progressive 
phase front across the antenna 124. 

15 

Figure 11 shows that the phase of hybrid difference outputs changes by 180 degrees 
depending on whether the phase difference between the vectors A and B is positive or 
negative. This ensures that a progressively phase front exists across the antenna 
whether the antenna is tilted upwards or downwards. 

20 The embodiments of the invention described use 1 80 degree hybrids. They may be 
replaced by e.g. 90 degree 'quadrature' hybrids with the addition of 90 degree phase 
shifters to obtain the same overall functionality, but this is less practical. - 

The examples of the invention described with reference to Figures 3 to 12 were 
discussed in terms of operation in transmission. However, all components are reversible 
25 and those examples can also operate as receivers. Hybrids and phase shifters are 
reversible, and splitters in reverse become recombiners as required in reception. 
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Claims 

1. A phased array antenna system with controllable electrical tilt including an 
antenna with multiple antenna elements, characterised in that the system has: 

a) means for providing two basis signals with variable relative delay 
therebetween, 

b) splitting means for dividing the basis signals into signal components, 

c) phase to power converting means for converting the signal components 
into transformed components having powers which vary as the relative 
delay varies, and 

d) power to phase converting means for converting the transformed 
components into antenna element drive signals having phases which vary 
from antenna element to antenna element progressively across the 
antenna and which individually vary as the relative delay varies. 

2. A system according to Claim 1 characterised in that the phase to power 
converting, means is a plurality of hybrid radio frequency coupling devices 
("hybrids") arranged to provide sums and differences of pairs of signal 
components, each pair having signal components from both basis signals. 

3. A system according to Claim 1 characterised in that the phase to power converting 
means is a plurality of 180 degree hybrids arranged to provide sums and 
differences of pairs of signal components, each pair having signal components 
from both basis signals. 

4. A system according to Claim 3 characterised in that each pair has signal 
components of equal magnitude, but each pair's component magnitude is not 
equal to that of another pair. 

5. A system according to Claim 3 characterised in that the hybrids are first hybrids 
and the power to phase converting means incorporates a plurality of second 
hybrids arranged to generate the antenna element drive signals. 

6. A system according to Claim 5 characterised in that the splitting means is a first 
splitting means and the power to phase converting means incorporates a second 
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splitting means arranged to divide the sums and differences into components for 
input to the second hybrids. 

7. A system according to Claim 6 characterised in that the first splitting means is 
arranged to divide each of the basis signals into three signal components. 

8. A system according to Claim 7 characterised in that the second splitting means is 
a plurality of two-way splitters. 

9. A system according to Claim 1 characterised in that it is arranged such that all 
paths for basis signals to antenna elements contain the same numbers and types 
of components. 

10. A method of controlling electrical tilt of a phased array antenna system including 
an antenna with multiple antenna elements, characterised in that the method 
incorporates the steps of: 

a) providing two basis signals with variable relative delay therebetween, 

b) dividing the basis signals into signal components, 

c) converting the signal components into transformed components having 
powers which vary as the relative delay varies, and 

d) converting the transformed components into antenna element drive signals 
having phases which vary from antenna element to antenna element 
progressively across the antenna and which individually vary as the 
relative delay varies. 



Abstract 



A phased array antenna system 40 with controllable electrical tilt generates two signals 
V2a and V2b with variable relative delay therebetween. The signals are converted into 
antenna element drive signals by a power distribution network 50/100. The network 100 
splits each of the two signals V2a and V2b into three signal components. Pairs of 
components of different signals are input to respective 180 hybrids coupling devices 
(hybrids) 1 10, 1 12 and 1 14, which provide vector sums and differences of their inputs and 
act as phase-to-power converters. Their outputs are distributed between further 180 
hybrids 116, 118 and 120, which act as power-to-phase converters and provide antenna 
ejement drive signals with phase varying with element array position and also with the 
variable relative delay between signals V2a and V2b. 
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